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Nowadays,  the  studies  are  focused  on  the  search  of  better  electrocatalysts  that  promote  the  complete 
oxidation  of  ethanol/bioethanol  to  C02.  To  that  end,  amorphous  bi-catalytic  catalysts  of  composition 
NisgNb^PtT-xYx  (Y  =  Cu,  Ru,  x  =  0.4%  at.)  have  been  developed,  obtained  by  mechanical  alloying,  resulting 
in  higher  current  densities  and  an  improvement  in  tolerance  to  adsorbed  CO  vs.  Ni59Nb4oPti  catalyst.  By 
using  voltammetric  techniques,  the  appearance  of  three  oxidation  peaks  can  be  observed.  The  first  peak 
could  be  associated  with  the  electrooxidative  process  of  ethanol/bioethanol  to  acetaldehyde,  the  second 
peak  could  be  the  oxidation  of  acetaldehyde  to  acetic  acid,  and  the  last  peak  might  be  the  final  oxidation  to 
C02.  Chrono-amperometric  experiments  show  qualitative  poisoning  of  catalytic  surfaces.  However,  the 
in  situ  Fourier  Transformed  Infrared  Spectroscopy,  FTIR,  is  used  for  the  quasi-quantitative  determination 
with  which  can  be  observed  the  appearance  and  evolution  of  different  vibrational  bands  of  carbonyl 
and  carboxylic  groups  of  different  species,  as  it  moves  towards  anodic  potential  in  the  electrooxidative 
process. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 


Nowadays,  there  is  a  wide  interest  in  the  development  of  fuel 
cells  of  direct  ethanol  (DEFCs),  and  the  employment  of  ethanol 
and/or  bioethanol  as  renewable  and  sustainable  fuel  with  the 
environment,  is  in  its  heyday.  The  completed  electrooxidation  of 
ethanol/bioethanol  to  C02  [1,2]  involves  the  transference  of  12 
electrons  in  the  anodic  reaction  (1),  as  follows: 

CH3CH2OH  +  3H20  -»  2C02  +  12H+  +  12e_  (1) 

However,  the  homolytic  cleavage  of  C-C  bond  is  the  determining 
stage  of  electrooxidative  process,  limiting  the  electronic  transfer  to 
4  electrons,  as  follow  in  reaction  (2): 

CH3CH2OH  +  H20  ->  CH3COOH  +  4H++4e“  (2) 


Considering  working  conditions,  for  a  DEFC  at  0.5  V  at 
50  mA  cm-2  with  complete  oxidation  to  C02,  the  energy  efficiency 
(3)  would  be: 
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If  the  electrooxidative  process  stops  at  the  acetic  acid,  which 
involves  4  electrons  instead  of  12  electrons,  the  energy  efficiency 
will  be  reduced  by  one  third,  being  only  0.14.  Therefore,  the  real 
electric  efficiency  obtained  with  the  DEFCs,  are  below  50%  [3].  The 
cell  voltage  E  ( j )  decreases  greatly  due  to  three  limiting  factors:  the 
charge  transfer  overvoltages  at  the  anode  and  cathode,  the  ohmic 
drop  in  the  electrolyte  and  interface,  and  the  mass  transfer  limita¬ 
tions  for  reactants  and  products. 

To  get  a  higher  conversion  of  chemical  energy  in  electricity,  the 
search  of  better  electrocatalysts  is  necessary  [4].  The  nature  and 
structure  of  these  new  electrodic  materials  affect  the  electroox¬ 
idative  process,  controlling  the  formation  of  adsorbed  species  and 
final  products,  and  favouring  the  cleavage  of  C-C  bond.  Nowadays, 
one  of  the  most  important  research  activities  is  the  development 
of  Pt  catalysts.  Platinum  is  regarded  as  the  most  active  material 
for  ethanol/bioethanol  electrooxidation,  especially  in  acid  media, 
which  is  the  only  active  and  stable  noble  metal.  However,  its  global 
shortage  makes  it  very  expensive.  In  addition,  the  platinum  itself  is 
known  for  the  fast  poisoning  of  its  surface,  especially  for  CO.  Previ¬ 
ous  electrochemical  works  have  been  carried  out  on  metal-metal 
glasses,  but  few  studies  have  focused  on  Ni60Nb4o  based  amorphous 
alloys.  These  metals  are  alloyed  with  platinum,  which  are  used  as 
anodic  materials  for  electrochemical  treatments  of  different  toxic 
compounds  and  for  its  application  in  fuel  cells  [5,6].  The  amorphous 
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state  is  more  active  than  the  crystalline,  with  a  greater  density  of 
active  surface  areas.  It  also  reduces  the  amount  of  platinum  and, 
therefore,  the  overall  cost  of  the  catalysts. 

The  researches  have  focused  on  the  search  and  development 
of  metallic  amorphous  microparticulated  alloys  of  composition 
Ni59Nb4oPti_xYx  (Y  =  Metal;  x  =  0.4%  at.).  The  addition  of  the  second 
metal  as  co-catalysts,  modifies  the  electronic  properties  of  plat¬ 
inum,  which  can  be  explained  by  the  bi-functional  mechanisms 
and  electronic  densities.  First  of  all,  the  presence  of  second  metal 
alloying  with  Pt  [7-9]  would  dissociate  water  molecule,  forming 
hydroxylated  species  to  more  cathodic  potential,  which  will  ease 
the  oxidation  reaction  (4)  of  CO  to  C02: 

M  +  H20  -*  M(OH)ads  +  H+  +  e-  (M  =  Pt,  Cu,  Ru) 

M(CO)ads  +  M(OH)ads  -*  2M  +  C02  +  H+  +  e~  1  j 

On  the  other  hand,  by  electronic  effects,  it  produces  a  ligand 
effect,  generating  a  positive  shift  in  the  binding  energy  of  4f  or 
4d  orbital  of  platinum,  generating  an  increase  of  vacancies  in  the 
5d  orbital,  resulting  in  a  minor  effect  on  the  electron  donor  under 
molecules  of  CO,  decreasing  the  monolayer  adsorbed  on  the  catalyst 
surface  [10,11]. 

Adsorption  and  oxidation  of  ethanol/bioethanol  in  Pt  catalysts 
has  been  the  object  of  numerous  studies  for  the  last  25  years,  but 
the  exact  mechanism  of  the  anodic  reaction  is  still  not  known, 
because  it  occurs  in  several  stages.  In  the  present  paper,  an  investi¬ 
gation  into  catalytic  activities  and  kinetics  of  ethanol/bioethanol 
on  Ni59Nb4oPto.6Cuo.4  and  Ni59Nb4oPto.6Ruo.4  was  performed  by 
different  electrochemical  and  in  situ  (FTIR)  techniques. 

2.  Experimental 

2.1.  Electrodes  and  solutions 

The  amorphous  metallic  microparticulated  alloys  of  atomic 
composition  Ni59Nb4oPto.6Cuo.4  and  Ni59Nb4oPto.6Ruo.4  were 
achieved  by  using  a  planetary  mill  (Retsch  400  PM)  during  40  h.  The 
known  amounts  of  different  metals  were  placed  in  a  stainless  steel 
vial  together  with  balls  of  the  same  material  in  a  ratio  of  1 :4.  Subse¬ 
quently,  as  soon  as  the  time  of  alloying  was  finished,  the  obtained 
alloys  are  sieved  to  obtain  the  size  of  the  desired  particles.  For  this, 
it  used  a  test  sieve  (CISA  Cedacerfa  Industrial).  By  standard  sieves 
with  openings  of  50  |xm  and  20  |jim,  the  sizes  of  desired  particles 
are  achieved  for  the  electrocatalytic  study  of  present  work.  The  pre¬ 
pared  electrocatalysts  were  characterized  through  the  techniques 
of  Differential  Scanning  Calorimetry  (DSC),  X-Ray  Diffraction  (XRD) 
and  Scanning  Electron  Microscopy  (SEM)  to  verify  their  amorphous 
nature.  The  Energy  Dispersive  X-Ray  Spectroscopy  (EDX)  was  used 
for  the  chemical  analysis. 

Ni59Nb4oPto.6Cu0.4  and  Ni59Nb4oPto.6Ruo.4  alloys  were  sus¬ 
pended  in  ethanol,  ultra-pure  water  and  Nafion  5  WT  %  for  FTIR 
studies.  These  solutions  were  placed  on  a  gold  disc  and  dried  using 
IR  light.  Later,  they  were  also  chemically  activated  in  HF  48%  (PA, 
Panreac).  The  solutions  employed  for  the  in  situ  FTIR  spectroscopy 
experiments  were  0.1  M  FICIO4  (Merck  Suprapur),  0.1  M  Ethanol 
(PA,  Panreac)  and  D20  (Sigma-Aldrich). 

Modified  carbon  paste  electrodes  (MCPEs)  were  made  by  hand¬ 
mixing  the  microparticulated  alloy  with  glassy  carbon  powder 
(Aldrich,  2-12  pan),  and  paraffin  (Uvasol®,  Merck),  as  binder.  The 
alloys  were  chemically  activated  in  HF  48%  (PA,  Panreac)  and  rinsed 
out  successively  with  doubled-distilled  water.  All  preparations 
were  performed  at  room  temperature.  After  that,  and  before  any 
electrochemical  experiment,  the  uniformity  of  the  catalytic  behav¬ 
ior  was  tested  by  cycling  such  electrodes  several  times  during  a 
cyclic  voltammetry  experience  in  0.1  M  HCIO4  as  supporting  elec¬ 
trolyte,  until  a  repetitive  voltammogram  was  achieved. 


2.2.  Experimental  set  up 

Electrochemical  characterization  techniques  were  cyclic 
voltammetry  and  chronoamperometry.  The  electrochemical  setup 
consists  in  a  flow  cell  of  a  single  compartment  with  a  three- 
electrode  system.  The  working  electrode  had  a  geometric  area 
of  0.28  cm2.  The  used  counter  electrode  was  a  glassy  high  area 
carbon  electrode.  A  commercial  Ag/AgCl  electrode  was  used  as  the 
reference  electrode  (207  mV  vs.  NHE),  against  which  all  potential 
values  were  referenced.  The  electrochemical  measurements  were 
performed  using  a  multipotentiostat  Solartron  1480,  driven  by  a 
Corrware®  Software  program. 

The  in  situ  FTIR  experiments  were  carried  out  with  a  Nico- 
let  Magna  850  spectrometer  equipped  with  nitrogen  cooled  MCT 
detector.  The  system  is  controlled  by  a  computer  driven  by  ONMIC 
Software.  The  spectroelectrochemical  cell  was  provided  with  a  pris¬ 
matic  CaF2  window  bevelled  at  60°.  The  experimental  set-up  allows 
the  electrochemical  characterization  of  the  system  prior  to  the  FTIR 
experiment.  The  used  working  electrode  and  counter  electrode  was 
gold.  All  potentials  were  measured  against  a  reversible  hydrogen 
electrode  (RHE)  immersed  in  the  test  solutions  and  are  presented  in 
this  scale.  The  interferograms  were  acquired  with  the  working  elec¬ 
trode  surface  pressed  against  the  window.  Unless  otherwise  stated, 
p-polarized  radiation  was  used.  All  the  spectra  were  recorded  with 
a  resolution  of  8  cm-1  and  presented  in  the  usual  form  AR/R. 

All  DSC  measures  were  carried  out  using  a  Modulated  Differ¬ 
ential  Scanning  Calorimeter  DSC  2920  CE  (TA  instruments)  with 
a  standard  cell  model  2920  MDSC.  The  instrument  is  controlled 
by  a  computer  driven  by  a  TA  control  instrument  software.  The 
obtained  thermograms  were  analyzed  by  means  of  the  Universal 
TA  Analysis  software.  XRD  was  performed  using  a  Philips  X’Pert  Pro 
powder  diffractometer  working  with  CuKa  radiation  (A  =  1.54  A). 
This  equipment  allowed  registering  the  diffractograms  in  the  2  h 
range  from  5°  to  1 20°  in  2.3  min,  avoiding  the  significant  absorption 
of  the  atmospheric  water  during  the  measurements.  The  obtained 
patterns  were  normalized  in  the  high  q-range  where  the  intensity 
cannot  vary  between  the  different  samples  owing  to  the  very  short 
structural  distances  responsible  for  the  scattering  in  this  region. 
The  SEM  images  were  taken  at  scanning  electron  microscope  JEOL, 
model  JSM-6400,  equipped  with  EDX  microanalysis  (Oxford  Link 
EXL II)  and  WDX  (2  spec.  JEOL)  to  determine  the  atomic  composi¬ 
tion. 


3.  Results  and  discussion 

3.1.  Physical  characterization 

The  main  characteristics  of  these  metallic  microparticulated 
alloys  consist  on  single  phase  systems  with  high  chemical  homo¬ 
geneity,  and  which  are  achieved  with  higher  specific  surfaces.  The 
better  atomic  composition  of  alloys  was  described  by  Barranco  and 
Pierna  [7-9].  Fig.  1  shows  DSC  thermograms  of  Ni59Nb4oPto.6Cu0.4 
and  Ni59Nb4oPto.6Ruo.4  alloys  after  40  h  of  mechanical  alloying. 
In  relation  to  the  amorphous  phases,  one  peak  can  be  clearly 
observed  at  679.40  °C  and  663.47  °C  for  Ni59Nb4oPto.6Cuo.4  and 
Ni59Nb4oPto.6Ruo.4  alloys  respectively.  Due  to  the  different  thermal 
stability  there  may  occur  shifts  between  1 0  and  20  °C  of  these  peaks, 
depending  on  the  type  of  element  that  is  alloying  with  the  Ni6oNb40. 
These  peaks  are  related  to  exothermic  process  corresponding  to  the 
crystallization  of  the  amorphous  phases  present  in  alloys.  Ternary 
Ni3Nb  phase  structure  can  assign  to  these  peaks  [8].  At  this  compo¬ 
sition,  the  different  crystallized  products  are  the  same  as  the  results 
of  Lee  et  al.  and  Koch  et  al.  [12,13]. 

X-ray  diffraction  patterns  for  Ni59Nb40Pto.6Cuo.4  and 
Ni59Nb4oPto.6Ruo.4  alloys  are  shown  in  Fig.  2.  Both  alloys  have  a 
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Fig.  1.  DSC  traces  after  40  h  milling  time,  obtained  at  a  constant  heating 
rate  of  10°Cmin_1  in  N2  atmosphere  for  (a)  Ni59Nb4oPto.6Cuo.4  alloy  and  (b) 
Nisg  Nb4o  Pto.6  Ruq.4  alloy. 


400-, 


Fig.  2.  X-ray  diffraction  patterns  of  amorphous  (a)  Ni59Nb40Pto.6Cuo.4  alloy  and  (b) 
Ni5gNb4o Pto.6 Ruq.4  alloy  after  40  h  of  mechanical  alloying. 


high  Ni-Nb  composition  which  is  of  great  importance  to  obtain  the 
amorphous  nature,  due  to  the  presence  of  an  eutectic  point  in  the 
Ni60Nb4o  composition  in  the  phase  diagram.  In  both  cases,  XRD 
patterns  show  two  characteristic  peaks,  the  first  one  is  related  to 


Table  1 

Average  values  obtained  by  EDX  microanalysis  for  the  elements  of  (a) 
Ni59Nb4oPto.6Cuo.4  and  (b)  Ni5gNb4o Pto.6 Ru0.4  alloys. 


Composition  (%  atomic) 


Ni 

Nb 

Pt 

Cu 

Ru 

(a)  Ni59Nb4oPto.6Cuo.4 

58.92 

40.12 

0.58 

0.38 

0.00 

(b)  Ni59Nb4o Pto.e Ruq.4 

59.20 

39.83 

0.62 

0.00 

0.35 

support  material,  and  the  second  one  shows  the  amorphousness 
of  the  alloys.  The  presence  of  a  wide  halo  indicates  the  absence 
of  crystalline  structure.  Barranco  and  Pierna  [8]  shows  the  loss  of 
crystallinity  of  different  metals,  no  appearing  crystallization  peaks. 

Fig.  3  shows  SEM  images.  The  morphology  of  both  alloys 
presents  irregular  particles,  mainly  spheroids,  of  different  sizes, 
ranging  between  20  and  50  [xm,  being  slightly  smaller  than  20  |xm. 
A  rough  consistency  with  little  pores  can  be  observed.  In  Table  1,  it 
can  observe  the  average  values  of  composition  in  %  atomic  for  differ¬ 
ent  particles  of  both  alloys,  not  having  variations  in  the  theoretical 
atomic  composition.  Therefore,  both  alloys  show  homogeneity  in 
their  atomic  composition. 


3.2.  Electrochemical  characterization 
3.2 A.  Activation  time 

Metallic  alloys  in  “as-quenched”  state  are  not  active,  therefore 
they  must  be  previously  chemically  activated  [14,15]  using  48% 
HF,  with  the  aim  of  pickling  of  the  nickel  and  niobium  oxides 
(Nb205)  formed  during  the  manufacturing  process.  Once  activated 
and  rinsed  out  with  distilled  water,  the  electrodes  are  kept  in  dis¬ 
tilled  water  and  deaerated  with  nitrogen,  to  prevent  the  formation 
of  oxide  layers. 

One  parameter  that  must  be  taken  into  account  for  the  correct 
characterization  of  these  electrodes  is  the  previous  determina¬ 
tion  of  the  optimum  times  of  chemical  activation.  The  degree 
of  optimal  activation  was  determined  according  to  the  available 
catalytic  area  after  activation.  This  area  was  measured  by  cyclic 
voltammetry  tests  in  0.1  M  HC104,  by  integrating  the  flow  of  adsorp¬ 
tion/desorption  of  hydrogen,  assuming  a  charge  of  210  |xC  for 
1  cm-2  of  platinum  area  [16].  All  the  current  density  values  were 
normalized  by  this  catalytic  area.  All  in  all,  it  was  determined  that 
the  optimal  time  of  activation  for  Ni59Nb40Pto.6Cuo.4  alloy  was  12  s 
and  for  Ni59Nb4oPto.6Ruo.4  alloy  was  5  s.  The  lower  the  activation 
time  is,  the  lower  availability  of  catalytic  surfaces  there  are.  On 
the  other  hand,  if  the  activation  time  was  high,  the  lost  of  cat¬ 
alytic  material  might  occur.  Furthermore,  the  formation  of  new 
compounds  might  also  block  the  catalytic  surface. 


Fig.  3.  SEM  of  (a)  Ni59Nb4oPto.6Cuo.4  alloy  and  (b)  Ni5gNb4o  Pto.6  Ruo.4  alloy. 
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Fig.  4.  Voltammograms  showing  the  oxidation  of  0.1  M  ethanol  and  0.1  M 
bioethanol  in  0.1  M  HC104  on  amorphous  (a)  Ni5gNb4oPto.6Cuo.4  alloy  and  (b) 
Ni59Nb4oPto.6Ruo.4  alloy  (temperature  25  °C,  sweep  rate  50  mV s_1 ). 


3.2.2.  Ethanol/bioethanol  electrooxidation 

Fig.  4  shows  the  cyclic  voltammograms  for  the  different  cata¬ 
lysts  in  the  potential  range  of  -0.1  V  to  1 .5  V  (vs.  Ag/AgCI)  obtained 
in  a  0.1  M  HCIO4  and  1  M  ethanol/bioethanol  solution.  Before  start¬ 
ing  electrochemical  tests,  MCPEs  were  subjected  to  repetitive  cyclic 
voltammetry  until  it  got  a  stable  voltammogram.  After  determining 
the  available  catalytic  area  by  cyclic  voltammetry  in  0.1  M  HC104 
media,  ethanol  was  added  to  obtain  the  desired  concentration,  set¬ 
ting  the  potential  to  -0.1  V  to  avoid  any  parallel  process  during 
the  addition  of  alcohol,  and  the  working  electrode  was  submitted 
to  a  new  experiment  by  cyclic  voltammetry.  The  bulk  is  bubbling 
with  nitrogen  to  prevent  the  oxidation  of  the  microparticles  of  elec¬ 
trodes. 


Table  2  shows  the  onset  potential  (E0nset),  potential  (Epeaki> 
Epeak2  and  Fpeak3 )  and  current  densities  C/peaki ,  Jpeak2  and  Jpeak3) 
of  different  peaks.  There  are  small  variations  in  the  E0nset  of  dif¬ 
ferent  alcohols.  For  Ni59Nb4oPto.6Cu0.4  alloy,  the  onset  potentials 
were  0.37  V  and  0.39  V,  for  ethanol  and  bioethanol  respectively. 
In  the  case  of  Ni59Nb4oPto.6Ruo.4  alloy,  the  onset  potentials  were 
0.45  V  and  0.43  V.  These  values  are  shifted  to  more  negative  poten¬ 
tials  compared  to  the  Ni59Nb4oPti  alloy  [8],  due  to  these  second 
metals  modifying  the  electronic  properties  of  Pt,  as  predicted  by 
the  ligand  model  [17]. 

For  Ni59Nb4oPto.6Cuo.4  alloy  higher  current  densities  are 
obtained  than  for  Ni59Nb4oPto.6Ruo.4  alloy,  either  by  ethanol  or 
by  bioethanol  oxidation.  Flowever,  the  presence  of  copper  suffers 
a  rapid  deactivation  in  acidic  media  for  the  possible  formation 
of  oxides  of  copper,  blocking  the  active  sites  of  platinum,  losing 
efficiency  in  the  electrooxidation.  Furthermore,  the  severe  Cu  dis¬ 
solution  [18]  complicates  the  electrooxidative  process.  On  the  other 
hand,  both  alloys  provide  better  current  densities  for  bioethanol 
electrooxidation,  being  three  times  higher  than  ethanol  electroox¬ 
idation.  By  the  high  performance  liquid  chromatography  (HPLC), 
it  could  be  mainly  detected  the  presence  of  acetaldehyde,  formic 
acid  and  other  organic  compounds  (ppb),  which  may  contribute  to 
improve  the  catalytic  results. 


3.2.3.  CO  tolerance 

Other  radical  species  might  contribute  to  the  oxidation  from 
parallel  reactions,  adsorbing  on  the  catalyst  surface,  resulting  in 
the  deactivation  of  the  catalyst  and  preventing  the  final  oxidation 
to  CO2.  CO  is  one  of  the  most  significant  radicals,  which  is  strongly 
adsorbed  on  platinum  [19],  poisoning  the  available  catalytic  sur¬ 
face  [7-9].  By  chrono-amperometric  studies  of  lOh,  the  degree 
of  poisoning  of  the  catalyst  was  found  as  the  electrooxidation  of 
ethanol  and  bioethanol  was  in  progress.  The  measurements  were 
performed  approximately  at  first  peak  potential  (0.7  V  vs.  Ag/AgCI) 
of  cyclic  voltammetry. 

As  it  can  be  observed  in  Fig.  5,  in  the  first  few  seconds,  the 
measured  current  density  for  bioethanol  electrooxidation  dropped 
faster  than  ethanol  oxidation,  indicating  that  the  surfaces  of  cat¬ 
alysts  were  poisoned  with  CO  rapidly.  Furthermore,  the  presence 
of  acetaldehyde,  formic  acid  and  others  organic  compounds  also 
contributes  to  increase  the  poisoning  of  surface.  After  10  h  of 
chrono-amperometric  experience,  both  alloys  showed  very  steady 
activities.  Ni59Nb4oPto.6Cu0.4  alloy  showed  a  higher  specific  activity 
of  0.976  mA  cm-2  and  1.062  mA  cm-2  for  ethanol  and  bioethanol 
electrooxidation  respectively,  whereas  Ni59Nb40Pto.6Ruo.4  alloy 
showed  0.241  mAcnrr2  and  0.1 58  mA  cm-2  respectively. 

The  obtained  chrono-amperograms  allowed  to  set  the  speed 
of  poisoning  of  the  catalyst  [20],  expressed  as  the  percentage  of 
poisoned  catalyst  per  second  (%s_1 )  using  Eq.  (5): 


Table  2 

Onset  potential  (£0nset),  potentials  (Epi,  Ep2  and  £p3)  and  current  densities  (/1.J2  and  J3)  of  different  peaks  of  the  different  electrodes.  1  M  ethanol  and  0.1  M  bioethanol  in 
0.1  M  HCIO4.  0.05  Vs-1, 25 °C. 


Ethanol  Bioethanol 


Nisg  Nb40  Pto.6  Cuo.4 

Fonset 

0.45 

jpeakl  >  V 

0.71 

Jpeakl  >  mA  cm-2 
0.31 

£peal<2>  V 

1.08 

Jpeak2,  mA  cm-2 

0.39 

£peak  3 .  V 

0.46 

/peaks,  mA  cm-2 
0.28 

Fonset 

0.43 

jpeakl  >  V 

0.74 

Jpeakl  >  mA  cm-2 
0.77 

£peal<2  >  V 

1.14 

Jpeal<2 ,  mA  cm-2 

1.01 

£peak  3 ,  V 

0.46 

Jpeak3 ,  mA  CITT2 
0.80 

Ni5g  Nb4o  Pto.6  Ruo.4 

^onset 

0.37 

jpeakl »  V 

0.70 

Jpeakl .  mA  Cm  2 
1.22 

£peak2>  V 

1.04 

Jpeai<2 »  mA  cm  2 

1.40 

£peak  3  >  V 

0.45 

Jpeai<3 ,  mA  cm  2 

1.15 

^onset 

0.39 

jpeakl  >  V 

0.69 

Jpeakl ,  mA  cm  2 
3.01 

£peal<2  >  V 

1.09 

Jpeal<2,  mA  cm  2 
4.30 

£peak3  >  V 

0.41 

Jpeak3>  mA  cm  2 
2.24 
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Fig.  6.  Sets  of  in  situ  FTIR  spectra  obtained  for  emergence  and  evolution  of  C=0 
stretching  of  acetic  acid  in  D20  for  both  alloys.  Reference  potential  0.4  V.  Sam¬ 
ple  potentials  indicated  for  each  spectrum  in  the  figure.  p-Polarized  radiation.  100 
interferograms  collected  at  each  potential. 


Fig.  5.  Current  transients  for  (a)  Ni59Nb4oPto.6Cuo.4  alloy  and  (b)  Ni59Nb4oPto.6Ruo.4 
alloy.  1  M  ethanol  and  0.1  M  bioethanol  in  0.1  M  HCIO4.  0.7  V  polarization  potential 
and  25  °C. 

where  dj/dt  is  the  slope  of  the  linear  portion  of  the  current  decay 
at  a  given  time,  and  Jo  is  the  current  at  the  start  of  polarization 
back  extrapolated  from  the  linear  current  decay.  It  is  character¬ 
istic  of  these  curves  that  the  current  density  decreases  sharply 
at  the  beginning  of  the  test,  more  slowly  in  the  first  10  min  and 
very  slowly  thereafter.  At  10  min  time  it  makes  the  tangent  line 
to  the  chrono-amperometric  curve  and  its  slope  is  calculated  for 
all  cases.  J0  is  given  by  the  cutting  of  this  line  with  the  ver¬ 
tical  axis.  The  resistance  to  poisoning  of  active  sites  for  both 
alloys  is  clearly  observed,  being  for  Ni5gNb4oPto.6Cu0.4  alloy  of 
0.01%s-1  and  0.08%s-1  for  ethanol  and  bioethanol  electrooxidation 
respectively,  whereas  Ni5gNb4oPto.6Ruo.4  alloy  were  0.01%s-1  and 
0.04%s-1  respectively. 

3.3.  Mechanism  of  electrooxidation.  FTIR  studies 


Fig.  6  shows  one  set  of  in  situ  FTIR  spectra  collected  for 
Ni5gNb4oPto.6Cuo.4  and  Ni5gNb4oPto.6Ruo.4  alloys  in  0.1  M  HCIO4 
and  0.1  M  ethanol  solutions  in  D20.  The  processed  spectra  are 
displayed  after  the  normalized  subtraction  of  100  sample  interfer¬ 
ograms  (which  were  acquired  at  the  sample  potentials  indicated 
in  Fig.  6)  and  100  reference  interferograms  (collected  at  0.4  V  vs. 
RFIE  for  each  series).  An  overview  of  two  spectres  of  Fig.  6  allows 
to  drawing  the  several  conclusions.  It  is  clearly  observe  the  emer¬ 
gence  and  evolution  of  a  band  (at  around  1710  cm-1 )  corresponding 
to  the  C=0  stretching  of  acetic  acid.  It  is  detectable  at  0.7  V  vs.  RHE 
for  Ni5gNb4oPto.6Cuo.4  alloy  and  0.6  V  vs.  RFIE  for  Ni5gNb4oPto.6Ruo.4 
alloy.  The  band,  which  is  related  to  the  carbonyl  stretching  mode, 
may  also  be  associated  with  the  formation  of  acetaldehyde,  which 
is  further  oxidized  into  acetic  acid.  From  previous  works  of  Iwasita 
and  Pastor  [23,24],  it  is  known  that  ethanol  can  adsorb  on  Pt  and 
later  acetaldehyde  is  formed  at  potentials  lower  than  0.6  V  vs.  RHE 
[25],  as  follows  (6): 

Pt  +  CH3CH2OH  -»  Pt( •  CHOHCH3 )ads  +  H+  +  e- 

Pt(*CHOHCH3  )ads  Pt  +  CH3CHO  +  H+  +  e-  1  j 


The  complexity  of  the  reaction  mechanism  of  ethanol/ 
bioethanol  electrooxidation  involves  several  steps  and  a  number 
of  intermediates  and  byproducts  [21,22].  In  obtained  voltammo- 
grams  (Fig.  4)  can  clearly  observe  the  presence  of  three  oxidation 
peaks  for  both  alcohols  in  the  investigated  range  potentials.  These 
peaks  are  directly  related  to  the  different  oxidized  species  during 
the  electrooxidation  process.  The  peak  1  (0.7  V  vs.  Ag/AgCl)  corre¬ 
sponds  to  the  oxidation  of  ethanol  to  acetaldehyde.  The  subsequent 
oxidation  of  acetaldehyde  to  acetic  acid  is  associated  to  peak  2  ( 1 .1 V 
vs.  Ag/AgCl).  Finally,  the  peak  3  (0.45-0.5  V  vs.  Ag/AgCl)  mainly 
represents  the  oxidation  of  CO  to  final  products  C02. 


As  soon  as  acetaldehyde  is  formed,  it  can  adsorb  at  platinum  and 
forms  acetyl  radical  at  E<  0.4  V  vs.  RHE  according  to  reaction  (7): 

Pt  +  CH3CHO  -*  PtCCOCH3)ads  +H+  +  e“  (7) 

This  acetyl  radical  could  follow  two  paths.  One  alternative  would 
be  the  formation  of  acetic  acid.  At  potentials  higher  than  0.6  V  vs. 
RHE,  the  water  molecule  is  dissociated  to  form  oxygenated  species 
at  the  platinum  surface,  which  are  able  to  oxidize  acetyl  radical  to 
acetic  acid,  as  follows  (8): 

PtCCOCH3)ads+Pt(OH)ads^  2Pt  +  CH3COOH 


(8) 
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Fig.  7.  Sets  of  in  situ  FTIR  spectra  obtained  for  emergence  and  evolution  of  C02  for 
both  alloys.  Reference  potential  0.4  V.  Sample  potentials  indicated  for  each  spectrum 
in  the  figure.  p-Polarized  radiation.  100  interferograms  collected  at  each  potential. 


The  second  path  would  be  the  homolytic  cleavage  of  C-C  bond 
being  formed  CO  species  adsorbed  on  platinum  [23]  at  E>  0.3  V  vs. 
RHE.  Together  with  oxygenated  species,  C02  is  formed,  as  follows 
(9): 

Pt  +  Pt(-COCH3)ads  ->  Pt(CO)ads  +  Pt(CH3)ads 
Pt(CO)ads  +  Pt(OH)ads  -*  2Pt  +  C02  +  H+  +  e- 

Fig.  7  shows  the  emergence  and  evolution  of  C02  for 
Ni59Nb4oPto.6Cuo.4  and  Ni59Nb4oPto.6Ruo.4  alloys  in  0.1  M  HC104 
and  0.1  M  ethanol  solutions.  An  adsorption  band  at  around 
2345  cm-1  corresponding  to  C02  is  clearly  observed.  It  is  detectable 
at  0.7  V  vs.  RHE  for  Ni59Nb4oPto.6Cuo.4  alloy  and  0.6  V  vs.  RHE  for 
Nisg  Nb4o  Pto.6  Ruo.4  alloy. 

The  integrated  intensity  from  acetic  acid  spectra  with  the 
applied  potentials  is  shown  in  Fig.  8.  It  is  clearly  derived 


Fig.  8.  Potential  dependence  of  the  integrated  band  intensity  for  acetic  acid  (sig¬ 
nal  about  1710cm-1)  obtained  from  0.1  M  Ethanol  electrooxidation  on  different 
amorphous  metallic  alloys. 


Fig.  9.  Potential  dependence  of  the  integrated  band  intensity  for  CO2  (signal  about 
2345  cm-1)  obtained  from  0.1  M  Ethanol  electrooxidation  on  different  amorphous 
metallic  alloys. 


that  Ni59Nb4oPto.6Ruo.4  alloy  has  E0nset  more  negative  than 
Ni59  Nb40 Pto.6 Cu0.4  alloy  for  ethanol  electrooxidation.  However  the 
rate  of  production  of  acetic  acid  is  slightly  higher  for  alloys  with 
Cu.  Fig.  9  shows  the  integrated  intensity  of  C02  at  different  poten¬ 
tials.  The  alloy  with  Ru  catalyzes  the  oxidation  of  ethanol  to  C02  in 
a  higher  proportion  than  the  alloy  with  Cu  at  low-middle  poten¬ 
tials.  Therefore,  the  addition  of  Ru  catalyzes  the  reaction  to  C02  at 
higher  rates  than  the  alloy  with  Cu,  being  the  ratio  of  acetic  acid/C02 
smaller  for  Ni59 Nb40 Pt0.6 Ruo.4  alloy,  so  the  presence  of  Cu  mainly 
leads  to  the  formation  of  acetic  acid.  The  question  is  whether  the 
acetic  acid  can  be  oxidized  to  C02.  Preliminary  studies  show  oxida¬ 
tion  spectra  of  acetic  acid  to  C02 ,  for  both  alloys.  These  facts  must  be 
studied  more  in  depth  by  differential  electrochemical  mass  spec¬ 
troscopy  (DEMS)  and  FTIR  to  verify  that  the  amorphous  metallic 
alloys  are  able  to  cleavage  of  C-C  bond  of  acetic  acid. 


4.  Conclusions 

This  work  presents  some  evidence  of  in  situ  FTIR  and 
electrochemical  measurements  to  support  a  mechanism  of 
ethanol/bioethanol  electooxidation  on  amorphous  alloys  of  compo¬ 
sition  Ni59Nb4oPto.6Cuo.4  and  Ni59Nb4oPto.6Ruo.4.  These  alloys  were 
contained  as  MCPEs  to  study  their  catalytic  behavior  in  the  reac¬ 
tion  of  ethanol/bioethanol  electrooxidation.  The  addition  of  Cu  and 
Ru,  as  co-catalysts,  modifies  the  electronic  properties  of  platinum, 
making  an  improvement  on  energetic  efficiency  and  increasing 
tolerance  on  adsorbed  species,  such  as  CO.  It  is  noted  that  electroox¬ 
idation  of  bioethanol  provides  better  current  densities  than  ethanol 
due  to  the  presence  of  impurities  (acetaldehyde,  acid  formic. . .) 
which  may  contribute  to  that  improvement.  The  catalytic  activity 
is  higher  for  the  Ni59Nb4oPto.6Cuo.4  alloy  however  the  presence  of 
the  copper  suffers  a  rapid  deactivation  in  acidic  medium  for  the 
possible  dissolution  and  formation  of  oxides  of  copper,  blocking 
the  active  sites  of  platinum. 

Electrooxidation  of  ethanol/bioethanol  is  a  very  complex  pro¬ 
cess  because  several  reaction  products  and  intermediates  can  be 
formed.  The  final  products  are  C02  (with  transfer  of  12e-)  and 
acetic  acid  (with  transfer  of  4e_).  By  FTIR  studies,  the  onset  poten¬ 
tial  of  alloy  with  Ru  (0.6  V  vs.  RHE)  is  lower  than  the  alloy  with  Cu 
(0.7  V  vs.  RHE).  The  presence  of  Ru  catalyzes  the  reaction  to  C02  at 
higher  rates  than  the  alloy  with  Cu,  being  the  ratio  of  acetic  acid/C02 
smaller  for  Ni59Nb4oPto.6Ruo.4  than  Ni59Nb4oPto.6Cu0.4  alloy. 
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